Isolation o f New Ribozymes from a Large
Pool o f Random Sequences David P. Bartel and Jack W. Szostak An iterative in vitro selection procedure was used to isolate a new class of catalytic RNAs (ribozymes) from a large pool of random-sequence RNA molecules. These ribozymes ligate two RNA molecules that are aligned on a template by catalyzing the attack of a 3'-hydroxyl on an adjacent 5'-triphosphate-a reaction similar to that employed by the familiar protein enzymes that synthesize RNA. The corresponding uncatalyzed reaction also yields a 3',5'-phosphodiester bond. In vitro evolution of the population of new ribozymes led to improvement of the average ligation activity and the emergence of ribozymes with reaction rates 7 million times faster than the uncatalyzed reaction rate.
A current view of early evolution is that modern-day life descended from an "RNA world," an era (before proteins) in which all macromolecular catalysts were ribozymes (1). One of the most important enzymes of the RNA world would have been an RNA replicase, an RNA molecule capable of autocatalytic replication by virtue of its ability to fulfill two seemingly opposed functions at different times-either folding into an RNA polymerase that uses RNA as a template, or unfolding and acting as a template for another replicase molecule. Previous efforts to design RNA molecules with polymerase and replicase activities have focused on modifying known ribozymes derived from the group I selfsplicing introns (2, 3). Although progress has been made on this front, the development of iterative in vitro selection techniques has led to the possibility of isolating such enzymes from completely random-sequence RNA, without bias toward any known sequence or structure. This prospect is appealing in that some versions of the RNA world hypothesis suggest that the first enzyme in the origin of life was a replicase that arose from a prebiotic pool of random RNA or RNA-like sequences (1).
Repeated cycles of in vitro selection and in vitro amplification have been widely used to isolate, from large pools of random or degenerate sequences, rare nucleic acid sequences with specified biochemical properties (4). Such methods have been used to define protein binding sites on DNA and RNA molecules, to isolate RNAs and DNAs with specific binding sites for a variety of small molecule ligands, and to select for modified catalytic activities from existing ribozymes. We now show that in vitro selection and evolution techniques can be used to generate new classes of ribozymes that catalyze a reaction analogous to a single nucleotide addition during RNA polymerization.
Our selection protocol was designed to effect the enrichment of catalytically active members of a pool of RNA molecules on the basis of their ability to ligate a substrate oligonucleotide to their own 5' end. The substrate sequence was then used as a tag to separate the rare ligated members of the pool from inactive molecules. We used a substrate oligonucleotide designed to anneal with part of a template region within the 5' constant region of the pool RNA (Fig. 1A) . The pool RNA began with a triphosphate, positioned next to the 3'-hydroxyl of the substrate oligonucleotide by base-pairing of the first few nucleotides of the pool RNA to the remainder of the template region, thus forming an interrupted stem loop. Ligation of the substrate oligonucleotide to the pool RNA was designed to be analogous to chain elongation by one nucleotide during RNA polymerization: in both cases, the growing strand and the triphos-phate-containing substrate base pair to a template, the 3'-hydroxyl of the growing strand attacks the or-phosphate of a 5'-triphosphate, and pyrophosphate is displaced with the concomitant formation of a 3',5'-phosphodiester bond (Fig. 1) . In its overall substrate configuration, the reaction resembles group I intron self-splicing because the substrates and the template are covalently linked to the catalytic sequences.
Pool construction and design. We sought to maximize the number and length of the sequences in the initial randomsequence pool in order to maximize the likelihood of finding a sequence with catalytic activity. A large random region provides not only a linear advantage in finding a given sequence element but, more significantly, a combinatorial advantage in finding sets of sequence segments that interact to form a given RNA structure (5). However, the chemical synthesis of very long oligonucleotides is difficult, and both the yield and quality of the DNA decline substantially with increasing length (6).
This problem was avoided by linking smaller DNA pools to generate one larger pool that had 1.6 x 1015 different molecules, each with a central region containing 220 random positions (Fig. 2) . This pool was amplified by the polymerase chain reaction (PCR) and then transcribed in vitro to yield a pool of RNA sequences (pool 0 RNA). The use of a such a large random region precludes the possibility of sampling more than a minute fraction of all possible (4220) sequences. Thus, for a selection based on catalysis to succeed, the catalytically active RNAs must have structures that are simple enough to be constructed from relatively common sequences. Alternatively, if; a complex structure is required, there must be very many such distinct structures in order for one to be present by chance in the random-sequence pool.
Selection for catalytic RNAs. Because sequence space can only be sparsely sampled, any catalyst present in the pool would probably only be a suboptimal example of its respective structural class. We therefore used incubation conditions during the initial ligation reactions that were known to stabilize marginal RNA structures and restore the activity of suboptimal ribozyme variants. However, incubation of the pool RNA under such conditions led to rapid and extensive aggregation; more than half of the pool RNA precipitated when incubated for 90 minutes at 37?C in high concentrations of Mg2+ and monovalent ions (50 mM MgCl2, 500 mM KCl, 0.5 ,M RNA), and precipitation was even more rapid at higher temperatures. It appears that conditions that favor RNA intramolecular structure also stabilize intermolecular interactions; as molecules find regions of complementarity with more than one other molecule, RNA networks form and eventually become too large to remain in solution (7).
To minimize the problem of RNA aggregation, we immobilized the pool of RNA molecules on agarose beads before the addition of Mg2" (Fig. 3) . A biotinylated oligonucleotide was annealed to the 3' constant region of the pool RNA, and the mixture was then incubated with avidinagarose beads. Once tethered to the agarose, the pool molecules could not diffuse atid form intermolecular interactions, and could therefore be safely incubated with the substrate oligonucleotide overnight in the presence of a high concentration of Mg2+.
During this incubation, the temperature was cycled between 250 and 370C to encourage individual RNA molecules to explore alternate conformations, so that fewer potentially active molecules would be locked in unproductive metastable conformations. After this ligation incubation, the pool RNA was eluted from the agarose and subjected to a two-step procedure to enrich for sequences that had successfully ligated the substrate to their 5' terminus ( Fig. 3)  (3) . First, an oligonucleotide affinity column was used to selectively bind molecules containing the "tag" sequence of the substrate oligonucleotide. RNAs that bound to this column were eluted and reverse tran- catalysts were selected were designed to be equivalent 5 t N220 3' to the chemistry and junction structure of the reaction catalyzed by modern-day RNA polymerases. The covalent linkage of the tag sequence to the random-sequence region of the pool molecules is analogous to the linkage of the 5' exon to a group I intron. at one end a 42-bp segment con-14 copies tains the T7 promotor (PT7) and also codes for the 5' constant region that binds the substrate oligonucleotide and participates in the ligation reaction (Fig. 1) , and at the other end a 20-bp segment codes for the 3' constant region (29). Large-scale PCR (400 ml, four cycles) was used to generate multiple copies of pool 0 DNA so that the pool can also be used for other selection experiments. Two equivalents of pool 0 DNA (2 x 540 ,g; 1.4 x 1015 different sequences represented at least once) were transcribed in vitro to generate the initial RNA pool (pool 0 RNA). Table 1 was then passed through an oligonucleotide affinity column complementary to the substrate tag sequence. Different pairs of affinity columns and substrate tags (31) ( Table 1) The rate of the uncatalyzed ligation reaction was measured in order to assess the rate acceleration provided by the selected RNAs. In contrast to the pool 4 RNA, pool O RNA showed no detectable ligation activity after a 16-hour incubation (Fig. 4A) . However, more extensive analysis revealed that pool 0 RNA did ligate to the substrate at the very low rate of 3 x 10-6 per hour (9). This low rate of pool 0 ligation does not appear to be catalyzed by the randomsequence portion of the pool 0 molecules; ligation at a similar rate was also detected in a reaction involving two short oligonucleotides aligned by a template oligonucleotide (Fig. 4C ). This uncatalyzed ligation is both template-and Mg2+-dependent.
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Having detected both the catalyzed and uncatalyzed ligation reactions, we confirmed the formation of the expected reaction products. Sequence analysis of ligated pool 4 RNA (Fig. 5A) (Table 1) .
All of the elements of directed in vitro evolution (10) were in place during rounds 5 through 7; at each cycle random mutation created new genetic diversity, while selection for ligation promoted the survival and propagation of the fittest variants. The activity of the pool of ribozymes continued to improve during these three rounds of selection. An additional three cycles (rounds 8 to 10) were then performed without mutagenic amplification so that rare improved variants that arose during the earlier mutagenesis would increase in abundance so that they could be detected. During these last three cycles, the stringency of the ligation incubation was gradually increased by decreasing the Mg2" concentration because the pool activities had increased to the point that decreasing the duration of the ligation incubation was no longer technically feasible. The improvement in ligation activity (almost 300-fold) resulting from six rounds of directed in vitro evolution is readily apparent by comparing the time courses of the pool 4 and pool 10 RNA ligation reactions (Fig. 4, A and B) . Both the catalyzed and the uncatalyzed reactions depend on the presence of a divalent cation (Fig. 6) , as do all known ribozyme reactions. The Mg2+ optimum of the pool 10 ribozymes was lower than the Mg2+ optimum of the pool 7 ribozymes, presumably in response to the selection pressure for function at lower Mg2+ concentrations after round 7. Although the activity improvement between rounds 7 to 10 was greatest at lower Mg2+ concentrations, the pool 10 RNA was more active at all Mg2+ concentrations tested, even at a concentration nearly 100 times higher than that used during the ligation incubations of the final rounds of selection. The Mg2+ dependence of the uncatalyzed reaction was assayed by incubating the substrate oligonucleotide with a 22-nucleotide (nt) RNA identical to the pool 5' constant region (Fig.  6) and 7 was more strongly dependent on the concentration of Mg2 + than the uncatalyzed oligonucleotide ligation (Fig. 6) . The slope of these plots suggests that at least three Mg2+ ions must bind before catalysis. The rate acceleration of the pool 10 RNA over the uncatalyzed reaction was greatest at 15 mM Mg2+, where the catalyzed rate was 7 million times faster than the uncatalyzed rate (3.8 per hour compared to 5.4 x 10-7 per hour) (Fig. 6) .
Since the uncatalyzed reaction was template-dependent, enhanced binding of the ligating RNAs to the template might have accounted for a significant portion of the 7 millionfold rate acceleration. However, when the 22-nt RNA analogous to the 5' constant region of the pool RNA was replaced with an RNA designed to form a very stable stem loop at its 5' terminus (13), the rate of the uncatalyzed oligonucleotide ligation increased only 40 percent. Since these two uncatalyzed reactions proceed with similar rates, stabilization of the interaction between the 5'-terminal nucleotides of the pool and the template can contribute little to the rate acceleration afforded by the selected sequences; at least 5 millionfold must come from other mechanisms. Similarly, increasing the concentration of the 5' constant region oligonucleotide did not lead to faster uncatalyzed ligation (Fig. 6) , indicating that the substrate concentrations used in the catalyzed reactions are far above the Kd (dissociation constant) of the substratetemplate complex.
The initial rate of the ligation reaction was determined for each enriched pool under the high Mg2+ conditions of the initial rounds of selection (Table 1 and Fig. 7) . The pool activity rose above the background, uncatalyzed rate after the second round of selection, and the activity of the RNA pool increased with each round of selection thereafter. Comparison of pool 10 and uncatalyzed ligation rates under these high-Mg2+ incubation conditions revealed that the ligation rate of pool 10 RNA (8 per hour, t1/2 = 5 minutes) was 3 million times faster than the uncatalyzed ligation rate (2.4 x 10-6 per hour, t1/2 = 33 years). This uncatalyzed rate is in close agreement with the 3 x 10-6 per hour rate observed with pool 0 RNA. Population changes during directed evolution. Restriction analysis revealed that each round of selection had a significant effect on the number of sequences remaining in the selected ribozyme pool and on the relative abundances of these sequences (Fig. 8) . Since each independent sequence contains restriction sites at different random locations, the different individuals in a population yield different fragments after restriction digestion; the population structure can therefore be displayed on a sequencing gel. Pool DNA was 32P-labeled at one end and cut with a combination. of Alu I, Mse I, and Taq I endonucleases to cleave more than 90 percent of the pool molecules at least once within their 220 bp of random sequence. In the early rounds (pools 0 to 2), no sequences were enriched to the point that their corresponding bands could be detected above the background. However, SCIENCE * VOL. 261 * 10 SEPTEMBER 1993by round 3, more than 65 different enriched sequences were visible. Although each band in the round 3 and 4 lanes represents a homogeneous enriched sequence (except for a few coincident bands and rare spontaneous mutations), each band from later rounds represents a family of related sequences that was created by PCR mutagenesis of a single ancestral sequence. A sequence family that yields a 60-nt fragment dominated the pool by round 7, but by round 10 was largely supplanted by a family that yields a 76-nt fragment.
The selected sequence families displayed many evolutionary scenarios (Fig. 8) . Most of the sequences that thrived in early cycles appear to be extinct by round 10, presumably because they could not compete in the harsh environment of increasingly stringent ligation conditions. Others maintained a Fig. 9) is the most active, with an initial ligation rate slightly faster than that of pool 10.
Efficiency of selected ribozymes. The ribozymes that we isolated from the initial random sequence pool, without mutagenesis and optimization, were only moderately active catalysts, with rate accelerations of erations compare favorably to those of typical catalytic antibodies, which are isolated after a stage of in vivo evolutionary optimization (maturation) of binding to an analog of the transition state of the reaction, with subsequent screening for the subsets that are catalytic (14). We suggest that there is an advantage to selecting directly for catalysis, as opposed to the indirect procedures used to isolate catalytic antibodies. In addition, many more RNA sequences can be initially sampled than is possible during the primary immune response (15); however this numerical advantage may be offset by the use of an established structural framework in all antibodies.
A modest degree of in vitro evolution led to a several hundredfold improvement in the catalytic efficiency of the pool of selected ribozymes. The observation that many sequence families could only be detected after mutagenesis and further selection is consistent with our original assumption that most of the catalytically active sequences present in the original pool would be suboptimal representatives of a given class of ribozymes. Our best "evolved" ribozymes enhance the rate of RNA ligation, making it 7 million times faster than that of the uncatalyzed template-directed reaction; this enhancement is comparable to that of the best existing catalytic antibodies (16). It will be of interest to see the extent to which ribozymes and catalytic antibodies can ultimately be optimized, and to see whether ribozymes selected in vitro can catalyze the impressive range of reactions catalyzed by antibody enzymes (14).
A rate acceleration of 7 million is much less than that achieved by most modern protein enzymes. The rate of RNA elongation by T7 RNA polymerase, one of the most efficient polymerases, is 230 nucleotides per second (17) . This represents a rate 3 x 1011 times faster than our measured uncatalyzed reaction rate ( catalyze a chemical transformation similar to that catalyzed by polymerases. Their abundance in the random-sequence pool is therefore relevant to the hypothesis that life began with an RNA replicase that originated from prebiotically synthesized random-sequence RNA. We detected about 65 sequences- (Fig. 8, pools 3 and 4) capable of carrying out a particular ligation reaction in a pool of more than 1015 initial sequences, or a frequency of occurrence of one in about 2 x 1013 sequences. This number is an underestimate of the abundance of the less active ribozymes, since many of these would have failed to ligate during the first round. A few of the selected sequences in pool 4 (one in about 3 x 1014 initial sequences) must be more active than the average activity of po-ol 4 RNA (0.03 per hour, or a rate acceleration of about 104). Presumably, sequences capable of acting as efficient template-directed RNA polymerases are more rare than this, and sequences capable of acting as an RNA replicase are even more rare. Evidently, catalysts of moderate activity could arise spontaneously from relatively small quantities of RNA (and perhaps related polynucleotides); however, a catalyst with the activity, accuracy, and dual functionality (enzyme and template) of an RNA replicase would be so rare that it could only arise spontaneously and in a single step from a truly enormous amount of RNA. The problem is compounded because two such sequences would be required for autocatalytic replication to begin, one to act as the polymerase and a second to act as the template. Therefore, an RNA replicase could only have arisen from primordial sequence pools that were not truly random. Joyce and Orgel anticipate this difficulty and propose that nonenzymatic, template-copying reactions may have had a dual role in generating primordial sequence pools that are more likely to give rise to a replicase (2 1). The initial pool may have been biased in favor of local secondary structure by a mechanism involving intermittent use of intramolecular sequence as the template. In addition, some sort of nonenzymatic catalysis was probably necessary for the initial copying of the replicase sequence to generate a molecule that could be used as a template, the copying of which by the replicase would generate more replicase molecules, thus initiating the autocatalytic explosion of life.
In the course of attempting to measure the uncatalyzed rate of our RNA ligation, we have detected a new type of templatedependent oligonucleotide condensation reaction. In previous studies of uncatalyzed RNA condensation reactions, imidazole, methylimidazole, or other activating groups were used (22) rather than pyrophosphate to activate the 5' cx-phosphate. Although the condensation of pyrophosphate-activated oligonucleotides is very slow, nucleoside 5 '-polyphosphates are thought to be more plausible prebiotic molecules than nucleoside 5'-phosphorimidazolides (23). Furthermore, we have found that the pyrophosphate-activated oligonucleotide reaction appears to have a very high preference for the formation of 3',5'-rather than 2',5'-phosphodiester bonds. The previously studied condensation reactions display a wide range of regiospecificities, from preferentially 2' ,5' to preferentially 3',5'. The choice of metal ions (24), activating group (25), and sequence of the ligation junction (26) have a marked influence on the degree of regiospecificity. The degree to which the observed regiospecificity of the pyrophosphate-activated reaction is dependent on these factors or on the extensive hybridization of the substrates to the template remains to be determined.
We initially assumed that our selection would favor ribozymes that yield a 3',5'-linkage, since the ligated RNAs must be copied by reverse transcriptase into a fulllength cDNA in order to be selectively amplified. We were surprised that reverse transcriptase only paused and did not terminate at a 2' linkage in the template (27) . Therefore, the catalyzed reaction does not appear to have been subjected to selection for regiospecificity, and the observed specificity may simply reflect acceleration of the uncatalyzed reaction with no change in mechanism.
The ribozymes that we have selected provide a new starting point for the evolution or design of RNAs with RNA polymerase and replicase activity. A series of issues including sequence-independent primertemplate binding, the use of mononucleotide triphosphates as substrates, fidelity, and product-template dissociation now need to be addressed before an RNA replicase activity, an activity that has probably been extinct for over 3 billion years, can be fully resuscitated.
